At least three groups of anaerobic eukaryotes lack mitochondria and instead contain hydrogenosomes, peculiar organelles that make energy and excrete hydrogen. Published data indicate that ciliate and trichomonad hydrogenosomes share common ancestry with mitochondria, but the evolutionary origins of fungal hydrogenosomes have been controversial. We have now isolated full-length genes for heat shock proteins 60 and 70 from the anaerobic fungus Neocallimastix patriciarum, which phylogenetic analyses reveal share common ancestry with mitochondrial orthologues. In aerobic organisms these proteins function in mitochondrial import and protein folding. Homologous antibodies demonstrated the localization of both proteins to fungal hydrogenosomes. Moreover, both sequences contain amino-terminal extensions that in heterologous targeting experiments were shown to be necessary and sufficient to locate both proteins and green fluorescent protein to the mitochondria of mammalian cells. This finding, that fungal hydrogenosomes use mitochondrial targeting signals to import two proteins of mitochondrial ancestry that play key roles in aerobic mitochondria, provides further strong evidence that the fungal organelle is also of mitochondrial ancestry. The extraordinary capacity of eukaryotes to repeatedly evolve hydrogen-producing organelles apparently reflects a general ability to modify the biochemistry of the mitochondrial compartment.
Introduction
Anaerobic habitats are common in nature and contain large numbers of eukaryotes that lack mitochondria (Fenchel and Finlay 1995) . Some of these eukaryotes contain organelles called hydrogenosomes, which make a small amount of ATP and excrete hydrogen gas (Yarlett et al. 1986; Müller 1993) . Hydrogenosome-containing species do not form a single phylogenetic group, so it is apparent that hydrogenosomes have been invented repeatedly during eukaryotic evolution. A key question is whether different eukaryotes use the same fundamental organelle to host the hydrogen-generating biochemistry or whether different cell compartments can fulfill this function. For anaerobic ciliates and the human parasite Trichomonas the balance of data support the hypothesis that their hydrogenosomes share common ancestry with mitochondria (Embley, Horner, and Hirt 1997; Akhmanova et al. 1998; Dyall and Johnson 2000; Embley et al. 2003) . The origins of fungal hydrogenosomes are more controversial and potentially exceptional.
Electron micrographs for fungal hydrogenosomes have been interpreted to support either a single boundary membrane like peroxisomes (Marvin-Sikkema et al. 1993b; Hackstein and Vogels 1997; Akhmanova et al. 1998; Hackstein et al. 2001 ) or a double membrane as seen in mitochondria (Benchimol, Durand, and Almeida 1997; van der Giezen et al. 1997b ). The debate is complicated further by the lack of an associated organelle genome (van der Giezen et al. 1997b) , which would provide the most incisive evidence regarding the identity of fungal hydrogenosomes. Protein import into fungal hydrogenosomes has also been reported to have features of both mitochondrial (van der Giezen et al. 1998 ) and peroxisomal (Marvin-Sikkema et al. 1993a; Hackstein et al. 1998 ) import systems. The strongest evidence for a common origin with mitochondria is the recent demonstration that fungal hydrogenosomes and yeast mitochondria use the same pathway for ADP/ATP exchange (van der Voncken et al. 2002a ). Thus, not only is the hydrogenosomal ADP/ATP carrier protein correctly imported into yeast mitochondria, a process which requires conservation of internal targeting signals that can be recognized by the yeast protein import machinery (Pfanner and Geissler 2001) , but the protein also complements a yeast mutant deficient in ATP import and restores mitochondrial function .
In the present study we have investigated whether the genome of Neocallimastix patriciarum contained genes coding for the mitochondrial heat shock proteins 60 and 70 (Hsp60 and Hsp70). In aerobic eukaryotes, these proteins, the genes for which are of alphaproteobacterial ancestry consistent with their arrival with the mitochondrial endosymbiont (e.g., Boorstein, Ziegelhoffer, and Craig 1994; Viale and Arakaki 1994) , carry out key functions in protein import and folding within mitochondria. Mitochondrial Hsp70 is the central component of an ATP-dependent molecular motor that drives import of pre-proteins into the mitochondrial matrix (Matouschek, Pfanner, and Voos 2000) . The chaperonin Hsp60 assists in folding the imported proteins into their correct active form (Hartl 1996) . Both proteins are imported into the mitochondria of aerobic eukaryotes using a characteristic amino-terminal presequence-dependent pathway, which is different from the pathway used for mitochondrial membrane proteins including the ADP/ATP carrier (Pfanner and Geissler 2001) . Published data suggest that this import pathway is present in Neocallimastix frontalis L2 and is used to import hydrogenosomal malic enzyme and the b-subunit of succinyl-CoA synthetase (Brondijk et al. 1996; van der Giezen et al. 1997a van der Giezen et al. , 1998 . Moreover, there are fragments of a mitochondrial-type Hsp60 gene already published for Neocallimastix frontalis L2, although the cellular localization of the protein was not investigated (Voncken et al. 2002a ). Here we show that Neocallimastix patriciarum contains orthologues of mitochondrial Hsp60 and mitochondrial Hsp70, that the proteins are located within hydrogenosomes, and that both proteins contain N-terminal presequences capable of sorting either chaperone or green fluorescent protein (GFP) into mammalian mitochondria.
Materials and Methods

Fungal and Bacterial Strains and Growth Conditions
Neocallimastix patriciarum strain CX was grown anaerobically at 398C in semidefined medium (Hobson 1969) supplemented with 20 mM cellobiose. Escherichia coli DH5a (Bethesda Reserach Laboratory) was grown at 378C in LB medium and supplemented with ampicillin (100 lg/ml) or kanamycin (50 lg/ml). Growth medium for Escherichia coli XL1-Blue MRF9 (Stratagene) was supplemented with MgSO 4 (10 mM) and maltose (0.2 %) for bacteriophage k-experiments.
General DNA Techniques and PCR Amplification Experiments
Standard recombinant DNA techniques were used for nucleic acid preparation and analysis (Sambrook, Fritsch, and Maniatis 1989) . Fungal DNA was isolated as described previously (Brookman et al. 2001 ) and published degenerate oligonucleotide polymerase chain reaction (PCR) primers were used to amplify a large fragment of the Neocallimastix Hsp70. Published Hsp60 primers and specific internal primers were used in a nested PCR to amplify part of the Neocallimastix Hsp60 gene. The new primers were: G1Neo, 59-ggw gay ggw acy acy acy gcy acy gt-39 and G2Neo, 59-tcs ccr aas ccs ggr gcy ttr acr-39, and 1150F Neo, 59-ggy ggy cgt tay ggt-39 and 1370R Neo, 59-rcc dar rcc cca raa-39. The resulting fragments were cloned into pGEM-T-Easy (Promega) and sequenced to confirm their identity.
Construction of Expression Constructs Harboring Hsp60::6(His) and Hsp70::6(His) and Generation of Homologous Antibodies
The PCR fragments were subcloned for protein expression into the NcoI-site and XhoI-site of pET30b(þ) (Novagen). The primers used to amplify Hsp60 from pGEM-T-Easy were as follows: sense, 59-aga cca tgg agt tga act tag aaa gag gtg-39; anti-sense: 59-tct ctc gag tta ccc gaa ccc cgg agc ttt aac-39; for Hsp70 the primers were sense, 59-aga cca tgg cga ttc aag caa cta agg atg c-39 and anti-sense, 59-tct ctc gag tta aca gtt ctt aac aga ctt ac-39 (restriction sites are indicated in italics). Affinity purification of the histidine-tagged partial chaperone fragments was performed according to the manufacturer's instructions (Novagen). Rabbit polyclonal antisera against the purified partial Hsp60 and Hsp70 were raised by Cymbus Biotechnology (UK).
Identification and Isolation of Full-Length Clones from a cDNA Library
The complete N. patriciarum Hsp60 and Hsp70 genes were isolated by screening a kZAP II cDNA library (Xue et al. 1992) , using the PCR products as homologous probes. Positive plaques were isolated and recombinant pBluescript SK(ÿ) plasmids were excised according to the manufacturer's instructions (Stratagene) and sequenced. The cDNA sequences were deposited in DDBJ/EMBL/ GenBank under the following accession numbers: N. patriciarum Hsp60 cDNA, AY033884; N. patriciarum Hsp70 cDNA, AF419853.
Phylogenetic Analysis
The conceptually translated N. patriciarum Hsp60 and Hsp70 sequences were aligned using ClustalW (Thompson, Higgins, and Gibson 1994) to reference sequences from GenBank. The alignments were manually refined, and unambiguously aligned regions were used for phylogenetic analysis, leaving two data sets of 23 taxa, one with 362 amino acid positions (Hsp60) and another with 370 amino acid positions (Hsp70). Likelihood searches were performed in a Baysian framework under the JTT-f substitution model accommodating site rate variation (fraction of invariable sites plus four variable gamma rates) using the program MrBayes (Huelsenbeck 2000) . In all, 200,001 search generations were performed with trees sampled every 100 generations. The first 200 trees recovered in the likelihood search were not used in the calculation of the consensus tree, as the likelihood model had not yet stabilized. Maximum likelihood branch lengths were estimated for the Baysian consensus topologies using the program Puzzle v4 (Strimmer and von Haeseler 1996) . Bootstrap analyses were performed using the custom software MrBOOT (Peter Foster, Natural History Museum [NHM], London), which automates MrBayes analyses of resampled datasets generated by the custom software P4 (Peter Foster, NHM). For bootstrap replicate analyses, 20,001 search generations were sampled every 50 generations, and ''burn-ins'' of 100 trees were used.
Cell Fractionation, Protein Electrophoresis, and Immunoblotting
Neocallimastix cell fractionation by mechanical disruption and differential centrifugation was performed as described by Marvin-Sikkema et al. (1993b) , followed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and Western blotting using a semidry electroblotter. Blots were stained using homologous antiserum (1:10,000) against Neocallimastix Hsp60 and Hsp70, followed by secondary anti-rabbit IgG antibodies conjugated with horseradish peroxidase and visualized by chemiluminescence.
In Vitro Translation Experiments
Coupled in vitro translation experiments were performed with a rabbit reticulocyte translation system (STP3 system; Novagen) using either the full-length Hsp60 or Hsp70. The proteins produced were analyzed by SDS-PAGE and immunoblotted as described above.
Construction of Expression Constructs for COS-1 Cell Transfection
To investigate the presence of mitochondrial targeting sequences in Neocallimastix Hsp60 and Hsp70, various expression constructs were made using custom PCR primers (table 1). All constructs were confirmed by sequence analyses prior to transfection.
Cell Culture, Transfection, and Immunofluorescence Microscopy for Heterologous Targeting in Mammalian COS Cell Lines
Mammalian COS-1 cells were transfected with the different plasmid constructs using Superfect (Qiagen) and the manufacturer's protocol. Fixation, immunofluorescence, mitochondrial labeling, and confocal immunofluorescence microscopy were performed as described previously (Leiper, Oatey, and Danpure 1996; Oatey, Lumb, and Danpure 1996) . Hsp60 and Hsp70 were visualized with the homologous polyclonal antisera described in this paper and with fluorescein isothiocyanate-conjugated goat anti-rabbit immunoglobulin (IgG; Sigma). Mammalian mitochondria were visualized using the autofluorescent vital stain MitoTracker (Molecular Probes). The fluorescence of fluorescein isothiocyanate and GFP was observed with excitation and emission wavelengths of 488 nm and 522 nm, respectively. For MitoTracker, excitation and emission wavelengths of 568 and 585 nm were used. A BioRad MRC1024 laser-scanning confocal fluorescence microscope was used.
Quantitative Immunoelectron Microscopy
Neocallimastix cells were fixed in 4% paraformaldehyde in 0.2 M Pipes pH 7.2 (Pipes buffer) at room temperature for at least 30 minutes and then stored in this fixative at 48C. Pellets were prepared by centrifugation at 10; 000 3 g for 20 min and 0.5-mm sized blocks were cryoprotected in 2.1 M sucrose in phosphate-buffered saline (PBS), mounted on iron panel pins, and frozen in liquid nitrogen. Cryosections were cut with a diamond knife on a Leica Ultracryomicrotome, mounted on pioloform/carbon-coated electron micrograph (EM) support grids. Grids were immunogold-labeled according to the following protocol: The grids were placed on drops of 0.5% fish skin gelatin in PBS (PBS/gelatin; Sigma), then on drops of 0.1 M ammonium chloride in PBS, each for 5 min. The grids were then incubated using rabbit antisera raised against Neocallimastix Hsp60 or Hsp70 diluted 1/20 and 1/40, respectively, in PBS/gelatin, washed in PBS, and then on protein A Gold (8 nm particle size; prepared as described in Lucocq [1993] ). After final washes in PBS and distilled water, the sections were embedded and contrasted in methyl cellulose/uranyl acetate.
Labeling was quantified using stereological techniques to estimate the area of each compartment including hydrogenosomes, cytosol, and nucleus according to the method of Lucocq (1994) . Pictures were recorded at systematically placed locations with a random start at 15-30,0003 magnification on phosphoimaging plates and scanned in a plate reader (DITABIS AG, Birkenfeld, Germany). Images were displayed in Adobe Photoshop 5.5 and overlaid with an electronically generated square lattice grid with spacing of 0.5 lm. Area of compartments was estimated from P 3 a in which P is the sum of points situated over the compartment (point hits) and a is the area associated with each point (in this case 0.25 lm 2 ). For hydrogenosomes, a total of 210 point hits and 706 gold particles were counted. For cytosol, totals of 469 point hits and 83 gold particles were recorded; and for nucleus, 46 point hits and 8 gold particles were counted.
Results
Sequence Features of Hsp60 and Hsp70 Genes from Neocallimastix patriciarum
The GC-content of both the Hsp60 and Hsp70 coding regions is 37%, with the noncoding regions ranging from 7% to 16%. These values are comparable to other Neocallimastix coding sequences (see van der Giezen et al. 1997a ). The fungal genes share strong sequence similarity to chaperone sequences from aerobic mitochondria-containing eukaryotes, and they contain all of the key features of Hsp60 and Hsp70 ( fig. 1 ). The Neocallimastix Hsp60 and Hsp70 genes encode proteins of 600 and 657 amino acids with calculated masses of 64.3 and 71.3 kDa, respectively. Computer prediction software MITOPROT (Claros and Vincens 1996) , PSORT (Nakai and Horton 1999) , and iPSORT (Bannai et al. 2002) identified plausible amino-terminal mitochondrial-like presequences on both proteins ( fig. 2 ). To investigate whether these putative targeting signals were processed, the mobility of Hsp60 and Hsp70 produced from full-length genes in a coupled in vitro reticulocyte translation system (Novogen) was compared to the mobility of proteins in a Neocallimastix cell-free extract, detected using the homologous antisera. For Hsp60 the size of the (mature) protein in the cell-free extract was 61 kDa, about 3 kDa smaller than the protein produced by in vitro translation (64 kDa), in agreement with the predicted size of the leader peptide. In contrast, no size difference was observed for Hsp70, both bands being 70 kDa, despite the in silico prediction of a targeting signal.
Phylogenetic Analysis of the Neocallimastix Heat-Shock Proteins Bayesian analysis of both Hsp60 and Hsp70 coding regions yielded similar tree topologies with both N. patriciarum genes placed within the radiation defined by mitochondrial isoforms (fig. 3 ). Both the Hsp60 and Hsp70 of N. patriciarum were recovered with high bootstrap support (100% and 97%) as the basal branches of the fungi. This placement is consistent with phylogenies derived from short subunit (SSU) ribosomal RNA (van der Auwera and De Wachter 1996), which suggests that chytrids like Neocallimastix are the earliest diverging fungal lineage.
Localization Studies of the Neocallimastix Molecular Chaperones
Immunoblotting of N. patriciarum cellular fractions showed the presence of a cross-reacting protein with the Neocallimastix polyclonal anti-Hsp60 serum in the cellfree extract and in the hydrogenosomal fraction, but not in the cytosolic fraction ( fig. 4A) . The apparent molecular mass of 61 kDa is 3 kDa smaller than the calculated molecular mass of the predicted gene product (64.3 kDa). When the antiserum raised against the Neocallimastix Hsp70 was used, a similar distribution pattern was observed, but a faint band was also visible in the cytosolic fraction ( fig. 4B) . The cross-reacting band in each case was 70 kDa, being only slightly smaller than the expected molecular mass of the translated cDNA sequence (71.3 kDa). Quantitative immunoelectron microscopy revealed that in Neocallimastix both Hsp60 ( fig. 5 ) and Hsp70 ( fig. 6 ) are present ( fig. 7 ) in double-membrane-bounded hydrogenosomes.
COS Cell Targeting
Because both Hsp60 and Hsp70 contained predicted mitochondrial targeting motifs, we investigated whether these targeting motifs could function in mammalian COS-1 cells containing both mitochondria and peroxisomes. Both proteins were specifically targeted to mitochondria, as shown by co-localization with the mitochondrial stain MitoTracker ( fig. 8 ). To investigate whether the putative presequences were sufficient by themselves for mitochondrial import, the amino-terminal amino acids corresponding to the predicted targeting signals (N-terminal 43 amino acids for Hsp60; N-terminal 38 amino acids for Hsp70) were each fused in-frame with GFP. When COS-1 cells were transfected with these constructs, the GFP reporter protein was localized to mitochondria ( fig. 9 ). The Nterminal amino acids of Hsp60 seem to be less efficient in targeting GFP to mitochondria than those of Hsp70, as some nuclear label could be seen in the former, as is the case in the control.
Discussion
Shortly after hydrogenosomes were first discovered in Tritrichomonas foetus (Lindmark and Müller 1973) it was suggested that they were derived from an endosymbiontic Clostridium (Whatley, John, and Whatley 1979) . The reasoning behind this suggestion was that Tritrichomonas hydrogenosomes made hydrogen via a pathway otherwise found only in anaerobic bacteria. It was subsequently shown that Trichomonas hydrogenosomes contained Hsp60 (and Hsp70) that clustered with mitochondrial orthologues rather than clostridial GroEL, that they imported proteins the same way that mitochondria do, and that they contained a member of the mitochondrial carrier protein family of unknown function (reviewed in Dyall and Johnson 2000; Embley et al. 2003) . At least four distinct groups of ciliates, surrounded by aerobic mitochondria-containing species, are anaerobic and contain hydrogenosomes (Embley et al. 1995) . In some cases the hydrogenosomes strongly resemble mitochondria in aerobic relatives (Finlay and Fenchel 1989; Fenchel and 1995), and at least one has been reported to contain a mitochondrial genome (Akhmanova et al. 1998 ). Thus, for ciliates and trichomonads, the available data are consistent with their hydrogenosomes sharing a common ancestry with mitochondria. The key enzyme, hydrogenase, for which there is no evidence for an alphaproteobacterial ancestry, appears to have been acquired by eukaryotes early in their evolution and has subsequently been targeted to different cell compartments in different eukaryotes, including the cytosol, hydrogenosomes, and plastids (Horner, Foster, and Embley 2000; Davidson et al. 2002; Horner et al. 2002; Voncken et al. 2002b) .
It has been argued repeatedly that fungal hydrogenosomes are different from those of other eukaryotes (Marvin-Sikkema et al. 1992 , 1993a Hackstein and Vogels 1997; Hackstein et al. 1998 Hackstein et al. , 1999 . The inference drawn from these arguments is that the differences are more fundamental than can be explained by the variation produced by descent with modification in separate lineages of a common progenitor organelle. The debate has largely been based on conflicting interpretations of ultrastructural ''peculiarities'' of fungal hydrogenosomes, including their lack of cristae or tubuli and the presence of membranous internal structures, and on whether fungal hydrogenosomes are surrounded by one boundary membrane, like peroxisomes, or two, like mitochondria (Hackstein et al. 2001) . It is already apparent that the mitochondria of Saccharomyces cerevisiae cells grown under anoxic conditions have poorly organized inner membranes (Lloyd 1974) and that the total area of the inner membrane is related to the capacity for oxidative phosphorylation (Scheffler 1999) , which hydrogenosomes lack (Müller 1993) . The presence of concentric membranous structures in fungal hydrogenosomes ( fig. 6A ) is noteworthy, because these are not commonly reported for mitochondria (Hackstein et al. 2001 ). However, internal membrane structures of similar appearance and unknown function have been observed in the hydrogenosomes of Tritrichomonas foetus (Benchimol, Almeida, and De Souza 1996) . Lastly, in our experiments we observed two closely apposed unit membranes surrounding fungal hydrogenosomes ( fig. 6C ), in agreement with the findings of van der Giezen et al. (1997b) and Benchimol, Durand, and Almeida (1997) , and again like those shown around Tritrichomonas hydrogenosomes (Benchimol, Almeida, and De Souza 1996) .
In the present study, antibodies homologous to the Neocallimastix Hsp60 and Hsp70 proteins localized overwhelmingly to fungal hydrogenosomes. Fungal hydrogenosomes therefore contain two key proteins of the mitochondrial protein import and folding pathway (Pfanner and Geissler 2001) . We found none of the currently recognized fungal peroxisomal targeting signals (Rachubinski and Subramani 1995) on either of the Neocallimastix proteins. Indeed, none of the published fungal hydrogenosomal proteins contain such signals (Brondijk et al. 1996; van der Giezen et al. 1997a Davidson et al. 2002; Voncken et al. 2002a Voncken et al. , 2002b . The claim that fungal hydrogenosomes contain a hydrogenase with a consensus peroxisomal targeting signal in the form of an SKL motif (Marvin-Sikkema et al. 1993a) , has not been confirmed by subsequent work (Davidson et al. 2002; Voncken et al. 2002b) . Neocallimastix hydrogenosomes appear to contain an iron-only hydrogenase, the gene for which encodes a putative N-terminal mitochondrial targeting signal but no SKL motif.
Fungal hydrogenosomes lack an associated genome (van der Giezen et al. 1997b) , so any proteins they contain must be synthesized in the cytosol and then correctly targeted and imported. In mitochondria there are two main protein import pathways (Pfanner and Geissler 2001) . Some proteins that are destined for the inner mitochondrial membrane, for example the ADP/ATP carrier protein, carry within the mature protein poorly characterized internal targeting signals that are necessary for import (Sirrenberg et al. 1996) . There is now evidence that fungal hydrogenosomes also use this import pathway, although the import machinery itself has not been isolated Voncken et al. 2002a) . In heterologous transfection experiments, the ADP/ATP transporter from fungal hydrogenosomes is correctly processed into yeast inner mitochondrial membranes where it functions to transport ATP . The second main mitochondrial import pathway processes mitochondrial proteins that are synthesized in the cytosol as preproteins carrying a positively charged targeting sequence at their amino-terminus (von Heijne, Steppuhn, and Herrmann 1989) . The targeting sequence allows the preprotein to dock at the translocator of the outer mitochondrial membrane (TOM) complex, before being transported through the translocase of the inner membrane (TIM) complex (Schatz and Dobberstein 1996; Neupert 1997; Pfanner 1998) . Import is dependent on an electrochemical gradient across the inner mitochondrial membrane and on the action of a mitochondrial Hsp70 in the matrix. During import, the presequence is cleaved off by the mitochondrial processing peptidase. Once inside the mitochondrial matrix, the newly imported proteins are transferred patriciarum cells when incubated with antiserum raised against Hsp60 (gray bars) or Hsp70 (black bars). Both Hsp60 and Hsp70 are specifically localized in the fungal hydrogenosomes. Data are from a representative experiment and obtained as described in Materials and Methods (error bars are SEM calculated for ratio estimates according to Cochran [1977] ; Hsp60 n ¼ 17; Hsp70 n ¼ 11).
Chytrid Hydrogenosomal Heat-Shock Proteins 1057 to the mitochondrial Hsp60 for folding into their native state (Hartl 1996; Bukau and Horwich 1998) .
The hydrogenosomal Hsp60 and Hsp70 sequences reported here contain positively charged N-terminal extensions relative to bacterial sequences, which are enriched in alanine, arginine, and serine. Both of these extensions were recognized as potential mitochondrial targeting sequences by computer prediction software. They also resemble the presequences found on other fungal hydrogenosomal proteins in this respect ( fig. 10 ), including the one on Neocallimastix hydrogenosomal malic enzyme, which is known to be processed (van der Giezen et al. 1997a) . The computer-predicted presequences on Hsp60 and Hsp70 are sufficient to sort both proteins, or a green fluorescent reporter protein, into mammalian mitochondria. There was no evidence for a peroxisomal localization for either protein. Our data are in agreement with previous work demonstrating that hydrogenosomal malic enzyme was correctly processed to mitochondria, rather than peroxisomes, in the yeast Hansenula (van der Giezen et al. 1998) . The retention of functional transit peptides on all three proteins strongly suggests that fungal hydrogenosomes possess the same presequence-dependent import machinery as is found in mitochondria. Comparison of the size of the in silico and experimentally translated products of the Hsp60 gene, with the protein detected in Neocallimastix cell extracts, is consistent with cleavage of a transit peptide from the protein. In the case of Hsp70, our data were more ambiguous over cleavage; we detected no size difference in our in vitro coupled assays and a smaller than predicted size difference between the in silico translated protein and the one detected in Neocallimastix extracts. Further work on the processing of Neocallimastix hydrogenosomal Hsp70 is required to understand the reasons for this discrepancy. Our attempts to sequence the N-terminus of the processed Hsp70 have so far failed, possibly because the protein appears to be blocked at the Nterminus (data not shown).
The demonstration that fungal hydrogenosomes contain Hsp60 and Hsp70 proteins that share common ancestry with mitochondrial orthologues is most simply explained by the hypothesis that fungal hydrogenosomes, like those of ciliates and trichomonads, share common ancestry with mitochondria. The topology of the phylogenetic trees, placing both proteins at the base of the fungal radiation, is entirely consistent with vertical inheritance of the genes for these proteins from a common ancestor they shared with aerobic mitochondria-containing fungi. The strong inference from this and previously published work (van der Giezen et al. 1997a Voncken et al. 2002a) , is that fungal hydrogenosomes use mitochondrial import pathways, sophisticated multicomponent complexes that are unlikely to have evolved twice, to import their proteins. In recent years it has become apparent that the biochemistry of mitochondria is more variable than revealed by studies of aerobic model organisms (van Hellemond, Opperdoes, and Tielens 1997; Embley and Martin 1998; Tielens et al. 2002) . Hydrogenosomes provide some of the most striking examples of this apparent ease with which eukaryotes are able to change the metabolism of the mitochondrial compartment.
